ABSTRACT. In the present study, we investigated the time-course changes of neuronal degeneration and microglial activation in the gerbil dentate gyrus after transient cerebral ischemia using Fluoro-Jade B histofluorescence staining and immunohistochemistry for Iba-1. Fluoro-Jade B positive cells were observed from 6 hr and markedly increased 1 day after ischemia/reperfusion. Iba-1-immunoreactive microglia were increased and hypertrophied at early time, and Iba-1 immunoreactivity was highest at 2 days after ischemia/reperfusion. These results may be direct evidence on neuronal degeneration and microglial activation in the gerbil dentate gyrus after ischemia/reperfusion.
Acute ischemic brain damage leads to severe neuronal loss by an inflammation reaction that is composed mainly of invading leukocytes, activated resident microglia and macrophages [2, 22] . Especially, microglia are in control of the immune response in the brain [14, 15, 23] . It can be speculated that microglia form an essential link between the CNS, a barrier-protected organ, and the general immune system. Microglia are the resident macrophages of the CNS and form the interface between the neural parenchyma and the immune system [12, 14] . Although little is known about microglia in the normal CNS, it is obvious that they are quickly activated in all acute neuropathological events.
Activation of microglia has dual effects like a doubleedged sword. Microglia can destroy invading micro-organisms, potentially remove deleterious debris, promote ensuing tissue repair by secreting wound-healing factors and facilitate the return to tissue homeostasis [19, 27] . On the other hand, microglia secrete large amounts of cytotoxic and inflammatory mediators such as reactive oxygen intermediates, nitric oxide, proteinases, excitatory amino acids and interleukin-6 [1, 7, 24, 25] .
Microglial reaction in ischemia is correlated closely with the development of delayed neuronal death [8, 15] . Microglia were proliferated within the selectively vulnerable brain areas with subsequent neuronal death during the first 48 hr following ischemic injury [4, 5] . An early but transient microglial reaction was observed almost throughout the entire hippocampus within the first 24 hr after ischemia including the hippocampal CA3 region and dentate gyrus (DG) where no subsequent neuronal loss occurs after global ischemia in the rat [3] .
The activation of microglia and their histological localization are very important in elucidating their roles after ischemic insult. However, in the gerbil ischemic model, the time-course changes of microglial activation were examined in the hippocampal CA1 region following ischemic damage [8] . In addition, there is no study on neuronal degeneration in the DG after ischemic insult using specific marker. Therefore, we investigated the time-course changes of neuronal degeneration and microglial activation using FluoroJade B (F-J B) histofluorescence and ionized calcium-binding adapter molecule 1 (Iba-1) immunohistochemistry in the gerbil DG after transient cerebral ischemia.
We used the progeny of Mongolian gerbils (Meriones unguiculatus) obtained from the Experimental Animal Center, Hallym University, Chunchon, South Korea. The animals were housed at constant temperature (23C) and relative humidity (60%) with a fixed 12 hr light/dark cycle and free access to food and water. Procedures involving animals and their care were conformed to the institutional guidelines, which are in compliance with current international laws and policies (NIH Guide for the Care and Use of Laboratory Animals, NIH Publication No. 85-23, 1985, revised 1996) .
Gerbils weighing 66-75 g were placed under general anesthesia with a mixture of 2.5% isoflurane in 33% oxygen and 67% nitrous oxide. Induction of transient cerebral ischemia was performed by the method of our previous study [8] . In brief, both common carotid arteries were occluded using non-traumatic aneurysm clips. After 5 min of occlusion, the aneurysm clips were removed from both of the common carotid arteries. Sham-operated animals (n=7) were subjected to the same surgical procedures except that common carotid arteries were not occluded.
The animals were anesthetized with sodium pentobarbital and perfused transcardially with 0.1 M phosphate-buffered saline (PBS, pH 7.4) followed by 4% paraformaldehyde. The brain tissues were sectioned by the method of our previous study [8] .
To investigate the neuronal degeneration and microglial activation after transient cerebral ischemia, the sections from sham-and ischemia-operated animals (n=7 at each time point) were used at designated times (3, 6, 12 hr, 1, 2, 4 and 7 days) after the ischemic surgery. F-J B (a high affinity fluorescent marker for the localization of neuronal degeneration) histofluorescence staining was performed with a previous method [21] . In brief, the sections were transferred to a solution of 0.06% potassium permanganate, and then transferred to a 0.0004% F-J B (Histochem, Jefferson, AR) staining solution. After washing, the sections were placed on a slide warmer, and then examined using an epifluorescent microscope (Carl Zeiss, Germany) with blue (450-490 nm) excitation light and a barrier filter. The number of F-J B positive cells was counted as a mean number in the DG per each section. Immunohistochemical staining for Iba-1 (a useful marker for microglia) was conducted by the method of our previous study [8] . In brief, the sections were stained with rabbit anti-Iba-1 (diluted 1:500, Wako, Osaka, Japan) and subsequently exposed to biotinylated goat antirabbit IgG and streptavidin peroxidase complex (1:200, Vector, Burlingame, CA). They were then visualized by staining with 3,3'-diaminobenzidine (Sigma, St. Louis, MO). A negative control test was carried out using preimmune serum instead of primary antibody in order to establish the specificity of the immunostaining. The negative control resulted in the absence of immunoreactivity in all structures.
The studied tissue sections were selected according to anatomical landmarks corresponding to AP -1.4 ~ -1.8 mm of the gerbil brain atlas [16] . Digital images of the DG were captured with an AxioM1 light microscope (Carl Zeiss) equipped with a digital camera (Axiocam, Carl Zeiss) connected to a PC monitor. Video images were digitized into an array of 512  512 pixels corresponding to a tissue area of 140  140 m (40  primary magnification). Each pixel resolution was 256 gray levels. The density of immunoreactive structures was evaluated by means of a relative optical density (ROD), which was obtained after the transformation of the mean gray level using the formula: ROD=log (256/mean gray level). ROD of background was determined in unlabeled portions and the value subtracted for correction, yielding high ROD values in the presence of preserved structures and low values after structural loss using NIH Image 1.59 software. A ratio of the ROD was calibrated as %.
The data shown here represent the means  SEM of experiments performed for each hippocampus. Differences of the mean ROD among the groups were statistically analyzed by a one-way ANOVA SPSS 11.0 program and the means assessed using Duncan's multiple-range test. Statistical significance was considered at P<0.05.
In this study, we examined the neuronal degeneration in the DG following transient cerebral ischemia using F-J B. In sham-operated gerbils, there were no F-J B positive cells in the DG (Fig. 1A) . Six hours after ischemia/reperfusion, F-J B positive cells began to appear in the polymorphic layer of the DG (Fig. 1B and 1G ). F-J B positive cells were markedly increased 1 day, and sustained up to 2 days after ischemia/reperfusion (Fig. 1C, 1D and 1G) . Thereafter, F-J B positive cells were decreased with time; however, they were more than those at 6 hr postischemia (Fig. 1E-G) .
In the sham-operated group, Iba-1-immunoreactive (+) microglia were detected in all layers of the DG, and most of them were ramified in morphology ( Fig. 2A) . Three hours after ischemia/reperfusion, Iba-1 immunoreaction was increased and Iba-1+ microglia were hypertrophied (Figs. 2B and 3). Six hours after ischemia/reperfusion, Iba-1+ microglia were markedly increased in the DG (Figs. 2C and  3) . Numbers of Iba-1+ microglia were decreased at 12 hr compared to those at 6 hr after ischemia/reperfusion, and Iba-1 immunoreaction was increased with time up to 2 days after ischemia/reperfusion ( Figs 2D-2F and 3 ). In addition, from 1 day to 4 days after ischemia/reperfusion, some Iba-1+ microglia were round and/or ameboid in shape. From 4 days after ischemia/reperfusion, Iba-1 immunoreaction and the size of Iba-1+ microglia were decreased with time compared to that at 2 days after ischemia/reperfusion, however, number of microglia were higher than those at sham (Figs.  2G, 2H and 3) .
Transient cerebral ischemia, produced by prolonged deprivation of blood flow to the brain, results in the insidious delayed degeneration of specific vulnerable neurons within the CA1 area of the hippocampus [13, 20] . In 1982, Kinino reported that different types of changes were observed in the hilar region of the DG, and in the hippocampal CA1 region (CA1) after transient cerebral ischemia in the gerbil. In the DG hilar region, change was rapid and corresponded to ischemic cell change [13] . On the contrary, changes in CA1 pyramidal cells were even slower, and this process was described as "delayed neuronal death". In the present study, we examined neuronal degeneration in DG after ischemia/ reperfusion using F-J B histofluorescence staining. It was reported that F-J B has affinity for the entire degenerating neuron including cell body, dendrites, axon and axon terminals [21] . We observed that F-J B positive cells in the DG were observed from 6 hr after ischemia/reperfusion. F-J B positive cells were markedly increased 1 day after ischemia/ reperfusion. F-J B positive cells were sustained up to 2 days after ischemia/reperfusion, and decreased with time. This result was the direct evidence that neuronal degeneration was occurred rapidly in the DG after transient cerebral ischemia, and was consistent with the previous [13] . In addition, we found that F-J B positive cells in the DG appeared at least up to 7 days after ischemia/reperfusion.
Iba-1 has been widely used as a microglial marker [10, 11] . It may be more specific for microglia rather than CD11b and isolectin B4, although it is not a perfect micro- glial marker [17, 18, 26] . In this study, we observed that Iba-1 immunoreaction was increased and Iba-1 + microglia were hypertrophied at 3 hr after ischemia/reperfusion. These results indicate that microglial activation in the gerbil DG occurs at early time after transient cerebral ischemia. It was also reported that microglial activation occurred very rapidly and was driven by subtle change in the local environment, and that large amounts of tissue damage, such as neuronal death, were not required to activate microglia [6] . We also observed that both Iba-1 immunoreaction and the number of Iba-1 + microglia were increased in the DG from 1 day to 4 days after ischemia/reperfusion. They were active microglia which were hypertrophied and round or ameboid in shape. We previously reported that the highest Iba-1 immunoreaction was observed later than delayed neuronal death in the gerbil ischemic CA1 [8] . From our present and previous studies, we observed that microglial activation in the DG occurred earlier than that in the CA1 region following transient cerebral ischemia. This difference might be related to the different types of ischemicinduced changes according to the hippocampal subregions after ischemia/reperfusion, and the regional heterogeneity of the hippocampus [9, 13] . In addition, this difference might be due to the difference of microenvironment niche such as vascular or neurotrophic factor supply, because the DG is known as the active region in adult neurogenesis [28] .
In conclusion, neuronal degeneration and microglial activation occurred at 6 hr and 3 hr, and were highest in the gerbil DG at 1 day and 2 days, respectively, after ischemia/ reperfusion. Our present results may be direct evidence on neuronal degeneration and microglial activation in the gerbil DG after ischemia/reperfusion. affinity fluorescent marker for the localization of neuronal 
